Abstract: Phase-coherent digital communications systems require complicated receivers to overcome the intersymbol interference caused by the time-varying multipath propagation of shallow water acoustic channels. However, many of these channels feature "sparse" impulse responses in that the signal arrives in distinct clusters separated by time periods in which little signal energy arrives at the receiver. If the phase-coherent message is divided into multiple "mini-packets" such that the mini-packet duration is shorter than the time span between the distinct multipath clusters, then the receiver configuration can be simplified considerably. The short packets may be frequency hopped so that a given frequency is vacated until subsequent multipath arrivals have died out. Each mini-packet is decoded using a maximum likelihood decoder. For highly dispersive channels the system reduces to a non-coherent frequency-hopped modulation technique.
INTRODUCTION
The motivation for developing the modulation technique described herein is multifold. Primarily, the goal is to define a technique that can be supported by a low complexity receiver and that can provide medium data rates relative to the system bandwidth if so desired. Additional design goals are to be detection resistant by operating at low signal-to-noise ratios (SNR) without channel probes and/or training data, to provide the flexibility to communicate across a wide variety of environments, to support network applications, and to mitigate the effects of channel-and frequency-selective fading.
It has been observed that the continental shelf acoustic channel is often characterized by a "sparse" impulse response [1] , i.e., the received signal arrives in distinct clusters separated by time periods in which little signal energy arrives at the receiver. One can take advantage of the channel sparseness by dividing the communications message into multiple "mini-packets" such that the mini-packet duration is less than the time span between the distinct multipath clusters. This simplifies the receiver configuration considerably as long equalizers and/or dedicated interference suppressors are no longer required.
FREQUENCY HOPPED SYSTEM
The relatively short packet duration suggested above is amenable to frequency hopping and the transmitter dwell time is governed by the minimum time span between clusters. The use of differential frequency hopping will allow several "next hops" chosen from a larger hop set. The one taken is determined by the data being transmitted. For a given data symbol, X L , and previous hop frequency, F L-1 , the frequency of the next hop is defined as
where G is known only to the transmitter and to the intended receiver. This frequency-encoding scheme lends itself well to a network application, where each node in a "neighborhood" will be assigned a unique initial frequency and hop-encoding scheme. This aids in waveform conflict resolution and in identifying the transmit node by the receiver.
The proposed signaling method has two operational modes. The features of the available transmission channel and/or the demands of the mission determine the exercised mode. The concept is not to adaptively alternate between the two modes, but to offer the flexibility to operate over a broad range of environments and throughput requirements.
For channels having a resolvable multipath structure, this method would burst a phase-modulated mini-packet with duration such that multipath interference is avoided. At the conclusion of the burst, the next packet would be transmitted in a different, independent frequency sub-band (as determined by G), thereby preventing intersymbol interference. This phase-encoded modulation and demodulation exploits the channel capacity often offered by the presence of resolvable first multipath arrival via direct-path, ducted, or specular propagation. For dispersive channels not supporting the coherent "mini-packet" bursts, the idea is to revert to a non-coherent frequency-hopped spread-spectrum (FHSS) signal with data-driven hopping patterns.
Coherent Mode: The coherent realization of this modulation technique is predicated on the existence of a clear gap between two multipath arrivals in the channel impulse response. This gap allows the use of a simplified channel equalizer. To mitigate the inter-symbol interference caused by additional multipath arrivals, an entire mini-packet of data is transmitted before the next multipath arrival can begin to corrupt packet symbols at the receiver. Each packet is encoded by a phase shift keying system, with information symbols contained completely within the chip. The chip length is driven by the multipath/channel impulse response. The minimum hop distance becomes a function of the mini-packet symbol rate and expected Doppler spread of the channel. The chip rate is selected to ensure that the channel has cleared within a particular frequency band prior to the next chip being sent. The individual chips are now spread in frequency and have data driven content.
With multiple receive hydrophones, both temporal and spatial diversity can be exploited. When the mini-packets are time-aligned, the micro-multipath structure for each multipath component will be different. Consequently, the phase structure imposed by the channel on each multipath component will differ. Assuming that there are N diversity data vectors of equal SNR denoted x 1 ,..., x N and K codewords denoted c 1 ,. ..,c K , the maximum likelihood receiver Non-coherent Mode: In the event that it is known a priori that the dispersive channel cannot support the coherent mini-packet bursts, the system reverts to a non-coherent frequency-hopped spread-spectrum (FHSS) signal with a differential frequency hopping modulation pattern whereby all the information is contained in the hopping sequence (in frequency).
An advantage of this non-coherent method is that hop-sequence dropouts can be recreated by "backtracking" through the hop tree using knowledge of the symbols decoded before and after the dropout sequence. This is analogous to the transition path of a knight on a chessboard, which is determined by the constraints placed on an individual move and can be deduced even if every move is not observed. Similarly, the function G constrains the signal hop sequence, allowing missed hops to be recreated.
EXPERIMENTAL CONDITIONS
"Proof-of-concept" mini-packet data were collected as part of an at-sea experiment in the Narragansett Bay Operating Area of the Continental Shelf in June 1997. A 16-hydrophone vertical receive array was positioned at 40 06.0N, 70 58.8W at a depth of 69.5 to 73meters in 3 foot seas. An 8-11kHz UQC projector was positioned at a range of approximately 1.8nmi from the receiver and at a depth of 3 meters. The simple hop sequence of [8.5 9.25 10.0 8.75 9.5 10.25 9.0 9.75 10.5] (in kHz) was used for demonstration purposes.
Under these conditions, the channel impulse response was sufficiently sparse to support coherent mini-packet signaling with gaps between significant multipath clusters on the order of 15msecs. Both coherent and non-coherent signals were successfully decoded at effective data rates between 100 bps and 500 bps.
CONCLUSIONS
The multi-mode frequency-hopped signaling concept outlined here provides a self-consistent structure to exploit geographic variability. In addition, the coherent mini-packet mode provides a means to increase data rates which, in the case of fixed message sizes, may provide for a decrease in the exposure time of the system. The differential frequency hopped encoding scheme works to ensure that false alarms die out quickly and that detections from other nodes using different encoding algorithms in an acoustic network also die out.
